The brain adapts to chronic ethanol intoxication by altering synaptic and ion-channel function to increase excitability, a homeostatic counterbalance to inhibition by alcohol. Delirium tremens occurs when those adaptations are unmasked during withdrawal, but little is known about whether the primate brain returns to normal with repeated bouts of ethanol abuse and abstinence. Here, we show a form of bidirectional plasticity of pacemaking currents induced by chronic heavy drinking within the inferior olive of cynomolgus monkeys. Intracellular recordings of inferior olive neurons demonstrated that ethanol inhibited the tail current triggered by release from hyperpolarization (I tail ). Both the slow deactivation of hyperpolarization-activated cyclic nucleotide-gated channels conducting the hyperpolarization-activated inward current and the activation of Ca v 3.1 channels conducting the T-type calcium current (I T ) contributed to I tail , but ethanol inhibited only the I T component of I tail . Recordings of inferior olive neurons obtained from chronically intoxicated monkeys revealed a significant up-regulation in I tail that was induced by 1 y of daily ethanol self-administration. The up-regulation was caused by a specific increase in I T which (i) greatly increased neurons' susceptibility for rebound excitation following hyperpolarization and (ii) may have accounted for intention tremors observed during ethanol withdrawal. In another set of monkeys, sustained abstinence produced the opposite effects: (i) a reduction in rebound excitability and (ii) a down-regulation of I tail caused by the down-regulation of both the hyperpolarizationactivated inward current and I T . Bidirectional plasticity of two hyperpolarization-sensitive currents following chronic ethanol abuse and abstinence may underlie persistent brain dysfunction in primates and be a target for therapy.
The brain adapts to chronic ethanol intoxication by altering synaptic and ion-channel function to increase excitability, a homeostatic counterbalance to inhibition by alcohol. Delirium tremens occurs when those adaptations are unmasked during withdrawal, but little is known about whether the primate brain returns to normal with repeated bouts of ethanol abuse and abstinence. Here, we show a form of bidirectional plasticity of pacemaking currents induced by chronic heavy drinking within the inferior olive of cynomolgus monkeys. Intracellular recordings of inferior olive neurons demonstrated that ethanol inhibited the tail current triggered by release from hyperpolarization (I tail ). Both the slow deactivation of hyperpolarization-activated cyclic nucleotide-gated channels conducting the hyperpolarization-activated inward current and the activation of Ca v 3.1 channels conducting the T-type calcium current (I T ) contributed to I tail , but ethanol inhibited only the I T component of I tail . Recordings of inferior olive neurons obtained from chronically intoxicated monkeys revealed a significant up-regulation in I tail that was induced by 1 y of daily ethanol self-administration. The up-regulation was caused by a specific increase in I T which (i) greatly increased neurons' susceptibility for rebound excitation following hyperpolarization and (ii) may have accounted for intention tremors observed during ethanol withdrawal. In another set of monkeys, sustained abstinence produced the opposite effects: (i) a reduction in rebound excitability and (ii) a down-regulation of I tail caused by the down-regulation of both the hyperpolarizationactivated inward current and I T . Bidirectional plasticity of two hyperpolarization-sensitive currents following chronic ethanol abuse and abstinence may underlie persistent brain dysfunction in primates and be a target for therapy.
A cute ethanol withdrawal affects millions of people and can require management of a syndrome that consists of dysautonomia, seizures, cognitive disturbance, and tremor (1, 2) . It generally is agreed that the washout of ethanol from the brain during acute withdrawal unmasks the physiological adaptations of neurons that allow them to function while they are bathed in ethanol (3, 4) . It sometimes is assumed that once the symptoms of acute withdrawal are managed, long-term abstinence from ethanol gradually restores the brain to a preethanol state. Nevertheless, an alcoholic's drive to ingest ethanol can persist even after months or years of abstinence, and alcoholics can undergo multiple abstinences from alcohol in their lifetime.
We tested the hypothesis that adaptations in the intrinsic electrical properties of inferior olive (IO) neurons are changed by chronic ethanol intake and by subsequent abstinence. We used patch-clamp recordings of IO neurons in acutely prepared brainstem slices from chronically intoxicated cynomolgus monkeys (5-7) to examine changes in intrinsic electrical properties with ethanol intake and repeated abstinences. We addressed two questions: (i) Does acute washout of ethanol from the brain of a primate with an alcoholic drinking phenotype produce withdrawal behaviors and unmask an up-regulation in pacemaking Ttype calcium (I T ) and hyperpolarization-activated inward (I h ) currents in the IO, and, if so, (ii) do the behaviors and intrinsic electrical properties of neurons of alcoholic primates return to their preethanol state after sustained abstinences?
The IO is a cerebellar afferent involved in movement control (8, 9 ) that has been implicated in generating non-Parkinsonian tremors such as physiological tremor and essential tremor (10) and perhaps alcohol withdrawal tremor (11) . The link between the IO and tremor was made first on the basis of studies demonstrating electrical pacemaking in IO neurons (12) (13) (14) , which produced tremor when activated with β-carbolines (15, 16) . Electrical pacemaking in IO neurons is mediated primarily by Ca V 3.1 calcium channels that conduct I T , generate 5-to 10-Hz oscillations in membrane potential that entrain spikes (14, 17) , and trigger rebound firing from a hyperpolarized membrane potential (12, 13) . In addition, hyperpolarization-activated cyclic nucleotide-gated (HCN) channels that conduct I h also facilitate rebound firing in IO neurons (18) . In rodents, I T was inhibited acutely by ethanol and long-chain aliphatic alcohols (19, 20) , whereas I h was augmented by ethanol (21) . Recent studies demonstrated that the tremor mediated by the IO requires Ca V 3.1 T-type calcium channels (22, 23) and is synchronized by gap junctions (24) .
Here, we demonstrate that primate IO neurons are oscillatory pacemakers and that chronic intoxication for over 1 y in monkeys is associated with potentiated Ca V 3.1 channel function within the IO and acute withdrawal tremor. Our experiments indicate that sustained (30-d) abstinence following chronic intoxication does not return the brain to the preethanol state but rather is associated with a below-normal decrease in rebound excitability in IO neurons and therefore reveals a form of bidirectional plasticity of pacemaking excitability.
Results
Ethanol Self-Administration and Alcoholism Phenotype. Fig. 1A shows the experimental timeline for 22 cynomolgus monkeys (Macaca fascicularis). The monkeys were divided into two groups that did (n = 11; six males and five females) or did not (n = 11; nine males and two females) drink ethanol. The monkeys that did not drink ethanol were termed the "control" (CON) group and consisted of monkeys that drank water ad libitum for 34 mo (CONa; n = 6 males) or were treated identically to the experimental groups for 16 mo except that they drank maltosedextrose solution instead of ethanol (CONb; n = 5; three males and two females). No differences were observed between neurons obtained from CONa and CONb monkeys, and they were pooled. The 11 ethanol-drinking monkeys were induced to drink 4% (wt/vol) ethanol over 4 mo (5-7) and self-administered ethanol, with a concurrent choice of water, for 22 h/d access for 1 y. Thereafter, the history of the monkeys diverged. The first subgroup was termed the "chronic intoxication" (CI) subgroup (n = 5). CI monkeys were killed for necropsy; their brains were removed and prepared for electrophysiology (i.e., washed of ethanol) on the morning of what would have been a typical day of drinking. The second subgroup was termed the "repeated sustained abstinence" (RSA) group (n = 6). RSA monkeys self-administered ethanol for 1.5 y and then experienced three 28-d periods of ethanol abstinence separated by two 4-mo periods of ethanol access. The RSA paradigm provided an examination of the consequences of repeated bouts of ethanol abstinence and relapse with highly controlled timing. The brains of RSA monkeys were prepared for electrophysiology on the morning of the 30th day of the last abstinence period.
During 12 mo of free access, the ethanol intake of CI monkeys was 3.11 ± 0.43 g·kg ; 46-140 mg/dL blood ethanol concentration (BEC)], and intake during the last month averaged 3.04 ± 0.36 g·kg −1 ·d −1 (Fig. 1B) . The intake of RSA monkeys was 2.57 ± 0.47 g·kg −1 ·d −1 during the month before the last abstinence period (range 1.94-4.67 g·kg
; 61-266 mg/dL BEC; Fig. 1B ). The behavior of CI and RSA monkeys modeled two features of human alcoholism: highly regulated intake and acute withdrawal tremor. Regulated intake was acquired by nearly all monkeys and was exemplified by the heaviest-drinking monkey (Fig. S1A) . For this monkey, mean monthly intake deviated from the annual mean by only 6.8 ± 0.7%. However, there was a significant change in the day-to-day variation (Fig. S1B) . Daily intake was highly variable during the first 200 d of selfadministration, varying from the annual mean by 79.7 ± 20.5%. Later, daily intake became regulated and varied from the annual mean by only 25.1 ± 11.3% [t(335) = 2.07; P < 0.05], modeling the narrow drinking repertoires of alcoholic humans (1) .
In the course of observing the monkey, whose drinking record is shown in Fig. S1 , it was noticed that the monkey lowered its intake from 4.39 to 0.28 g/kg on a single day after 138 d of high intake (arrow in Fig. S1A ). Early the following morning, staff reported that the monkey was in a state of withdrawal and showed "wet-dog" body shakes, huddling, and postural tremor. To quantify the tremor, we tested the monkey in a reach-to-grasp task ( Fig. 1C ) while recording its movement by video ( Fig. 1 D and E). During acute withdrawal, the monkey's hand demonstrated a prominent 15-mm, 2-Hz tremor during the grasp phase of the reach (Fig. 1D Lower) . When retested after binge drinking for 6 h (2.78 g/kg/6 h), the hand showed a smooth downward trajectory during the grasp (Fig. 1E Upper) without tremor (Fig.  1E Lower) . The morning tremor after a day of abstinence and its reduction with later drinking was consistent with ethanol withdrawal tremor (25) . That event motivated a systematic study of the six monkeys during the abstinence phases of the RSA paradigm. The morning occurrence of body shaking, huddling, and reaching tremor was noted during intoxication, the first 72 h of abstinence (acute withdrawal), and at 18-22 d of sustained abstinence. The incidence of all three behaviors was highest during acute withdrawal and reversed with abstinence ( Fig. 1 F and G) , suggesting a bidirectional adaptive process.
Primate IO Neurons Are Oscillatory with Pacemaking I h and I T . Current-and voltage-clamp recordings were obtained from 53 IO neurons taken from CON monkeys. The IO was easily identifiable from the external brainstem anatomy ( Fig. 2A) . As previously reported for guinea pig (14) , rat (17, 26) , mouse (27, 28) , and ferret (18), primate IO neurons demonstrated oscillations in membrane potential that were subthreshold for spiking (subthreshold oscillations, STOs) (Fig. 2 B-D and Fig. S2 ). Among the CON neurons, 25 (47%) showed STOs as indicated by visual inspection and by power spectral density analysis. The mean highest frequency of STOs in CON neurons was 5.6 ± 0.8 Hz, and STOs usually were episodic (Fig. S2 A-C) , although four neurons showed continuous STOs (Fig. 2 B-D) . When action potentials fired during STOs, they occurred most often on the rising phase of the STO (Fig. 2 B-D) , and they occasionally evolved into bursts of action potentials at the STO frequency ( Fig. 2D and Fig. S2 A and B) . Moreover, spontaneous action potentials often were followed by an after-hyperpolarizing potential and a rebound calcium spike as previously identified in rodents (arrows in Fig. 2 B and C) . Depolarization or hyperpolarization with direct current injection did not change the frequency of the STO or the tendency of the STO to entrain spontaneous action potentials (Fig. 2D) . As demonstrated in rodents, the voltage insensitivity of STOs in IO neurons is supported by electronic coupling (14, 27, 28) , and so the properties of primate IO neurons were consistent with their being coupled oscillators. Neither the properties nor the incidence of STOs differed among the experimental groups, although there was a trend toward slower STOs (3.1 ± 1.9 Hz) in CI neurons (Fig. S2) .
With depolarizing current, primate IO neurons showed fast sodium spikes and high-threshold calcium spikes, whereas hyperpolarizing current generated a voltage sag characteristic of I h (Fig. 2E) . Rebound spikes were triggered reliably by release from 300 ms of hyperpolarizing current, identical to rodent IO neurons (12, 13, 26) . The T-type calcium channel antagonist NNC 55-0396 (15-30 μM) (29,30) suppressed rebound spiking without affecting high-threshold calcium potentials or sodium spikes or reducing inward rectification (Fig. 2 G and H; n = 4) . Thus, as in rodents, primate IO rebound spiking required T-type channels.
The currents underlying rebound spiking in IO neurons were characterized with voltage clamping (Fig. 2F) . Hyperpolarizing voltage steps (from a holding potential of −60 mV) elicited clear inward-rectifying currents mediated by I h (138 ± 11 pA in response to a 200-ms voltage step to −125 mV; n = 53). Stepping from a hyperpolarized membrane potential to −60 mV generated a prominent tail current (I tail ) (Fig. 2F) . Averaged over five hyperpolarizing steps (−70 to −50 mV) NNC 55-0396 reduced I tail from 321 ± 32 to 211 ± 15 pA [F(1,19) = 17.5, P < 0.01; Fig. 2 I and J], indicating that I T contributed significantly to I tail in monkey IO neurons.
To inform experiments on the acute and chronic effects of ethanol on the currents underlying the rebound excitability of IO neurons, we performed pharmacological experiments to determine the contributions of the slow deactivation of I h (31) and the activation of I T to I tail (Fig. S3) . We used mouse IO neurons, which were more conveniently available for highly detailed pharmacology. ZD-7288 (10-20 μM), an antagonist of HCN channels (32, 33) , completely blocked I h during hyperpolarizing voltage steps (Fig. S3 A and B) and reduced mean I tail by 47% (n = 8). A recent report (34) indicated that 10-20 μM ZD-7288 can act nonspecifically to block~20% of I T , independent of its effect on I h , suggesting a 27% contribution of I h to I tail in IO neurons. The converse experiment demonstrated that NNC 55-0396 (100 μM) did not affect I h but reduced mean I tail by 76% (Fig. S3 C and D) , to suggest that a current other than I T contributed 24% to I tail . To check the pharmacology, we calculated the maximum contribution of I h to I tail using the modified Goldman-Hodgkin-Katz equation (GHK) and published characteristics of I h (ref. 35 and SI Methods). GHK estimated the maximum contribution of I h to I tail to be 15%, close to the estimate derived from pharmacology. To verify that the relationship between I h and I tail was similar between species, we compared variations in I h vs. I tail (Fig. S4) . Linear regression derived nearly identical slopes, indicating that I h contributed similarly to I tail in mouse and monkey. This allowed us to average the pharmacology and biophysical estimates to conclude that the deactivation of I h can contribute ∼20% to I tail .
Ethanol Acutely Inhibits I tail by Inhibiting I T . The sensitivity of IO neurons to ethanol was tested by exposing IO neurons taken from four CON monkeys to 10 and 100 mM ethanol, bracketing the concentrations measured from the BECs (10-60 mM). Ten mM lies within the concentration range (7-19 mM) that contains the threshold for ethanol to inhibit olivocerebellar activity in vivo (36) . Ethanol decreased the magnitude of I tail in a concentration-dependent manner (F(2,59) = 7.2, P < 0.01; Fig. 3 A and B) . To determine whether ethanol reduced I tail by inhibiting I T , by inhibiting I h , or both, we performed experiments in mouse IO neurons in the presence of specific channel blockers. Block of I h by ZD-7288 isolated the I T component of I tail (Fig. S5A) . Subsequent application of 100 mM ethanol reduced I T by 60% (Fig. S5 A and B) . The complementary experiment indicated that ethanol did not inhibit I tail by inhibiting I h . Block of I T by NNC 55-0396 unmasked the I h component of I tail (Fig.  S5C) , which was not inhibited by ethanol (Fig. S5 C and D) . Thus, the inhibition of I tail by ethanol was due to inhibition of I T .
Ethanol's inhibition of I T was not due to an effect on the voltage dependence of inactivation (Fig. S6A) . Conversely, ethanol significantly enhanced the rate of I T deinactivation. To study deinactivation, we varied the duration of a 50-mV hyperpolarizing step from 50 to 750 ms (Fig. S6B) (37, 38) . Ca V 3.1 channels are largely inactive at resting potential and recover from inactivation in both a time-and voltage-dependent manner. Both 10 and 100 mM ethanol accelerated the recovery from inactivation, similar to the effect of long-chain alcohols (20) . Because the voltage-dependence of inactivation was not affected and the deinactivation kinetics were not slowed, the decrease in I T must have been due to a decrease in conductance and/or number of available channels. Conversely, ethanol potentiated I h in a concentration-dependent manner (F(2,67) = 5.4, P < 0.01; Fig. 3 C and D) without affecting its voltage-dependence of activation (Fig. S6E) . The consequence of ethanol's inhibiting I T was to reduce rebound firing (Fig. S6D) . We next studied alcoholic primates.
Ethanol Washout After Chronic Intoxication Reveals Hyperexcitable
Rebound Firing That Is Reversed by Sustained Abstinence. Among the IO neurons studied, there were no differences among the drinking groups in resting potential (CON −51.0 ± 1; CI −52.4 ± 1; RSA −49.4 ± 1 mV) or input resistance (CON 263 ± 18; CI 217 ± 25; RSA 237 ± 12 MΩ). In current clamping, the voltage and time dependence of rebound firing were tested by varying the magnitude and duration of hyperpolarization steps (Fig. 4) . In a representative IO neuron from a CON monkey, increasing the magnitude or duration of negative current injection increased the probability of a rebound spike upon release from hyperpolarization (Fig. 4A) . Fig. 4 B and C shows representative neurons taken from CI and RSA monkeys. In comparison with the CON neuron, the CI neuron required less hyperpolarizing current to elicit a rebound spike large enough to trigger an action potential. The hyperexcitability seen in the CI neuron was not seen in the neuron from the RSA monkey, suggesting its reversal by abstinence.
Average plots of rebound excitability demonstrated a significant increase in the excitability of 17 IO neurons from CI monkeys during acute ethanol washout, so that briefer and smaller hyperpolarizing steps triggered a rebound spike (Fig. 4 D  and E) . The hyperexcitability was not present in 48 neurons from RSA monkeys, and, in fact, RSA neurons were less excitable than CON neurons to hyperpolarization (Fig. 4 D and F) .
To present the excitability changes induced by chronic ethanol intoxication more easily, we plotted the probability of rebound firing as a function of hyperpolarization strength (the product of the duration and magnitude of the injected current). The probability of rebound firing in CON neurons showed a linear relationship to hyperpolarization strength on a semilog graph (Fig. 4G ). ANOVA indicated a significant main effect of group [F(2,115) = 4.6, P < 0.05]. Follow-up tests indicated that the excitability of both CI and RSA neurons deviated from CON neurons for hyperpolarizations >60 nA*ms, with CI neurons becoming hyperexcitable and RSA neurons becoming hypoexcitable (P < 0.05).
Bidirectional Plasticity of Pacemaking Currents Underlies Hyper-and Hypoexcitability of IO Neurons Produced by Chronic Intoxication and
Sustained Abstinence. Voltage clamping was used to quantify changes in I T and I h and to estimate their relative contributions to the excitability changes reported above. We hypothesized that CI monkeys would show an up-regulation in I tail and that RSA monkeys would show a down-regulation in I tail . Measurements of I tail using a −50-mV step for 150 ms revealed a significant effect of group [F(2,111) = 7.1, P < 0.01; Fig. 5A ] with opposite modulations in CI and RSA neurons. In 16 neurons from CI monkeys, peak I tail was increased significantly by 33% to 446 ± 54 pA relative to the values from CON monkeys (336 ± 29 pA; P < 0.05). In contrast, peak I tail was decreased by 24% to 256 ± 20 pA (P < 0.05) in 46 neurons from RSA monkeys. Mean current traces illustrated the significant augmentation of I tail by acute ethanol washout in CI neurons and the significant reduction in RSA neurons (Fig. 5B) . Acute washout in CI neurons revealed that long-term intoxication increased the rate at which channels conducting I tail deinactivated to hyperpolarization, consistent with an effect in which Ca V 3.1 channels compensate for chronic ethanol by increasing their sensitivity to shorterduration hyperpolarizing pulses (Fig. 5C) . The change in deinactivation kinetics was reversed by abstinence.
We hypothesized that chronic ethanol intoxication would induce a homeostatic reduction in I h as a response to the acute effect of ethanol to augment I h in primate IO neurons. This hypothesis was not true, because peak values of I h were unaffected by chronic ethanol as measured in the CI group (138 ± 11 pA vs. 132 ± 25 pA; Fig. 5D ). However, peak values of I h were reduced significantly by 41% in neurons obtained from RSA monkeys, to 81 ± 9 pA (P < 0.01; Fig. 5D ). Average current traces (Fig. 5E ) illustrated the significant reduction of I h in IO neurons of RSA monkeys without a change in the voltage dependence of activation (Fig. 5F) .
To estimate the contribution of modulations in I T to the excitability changes, we deduced values of I T in IO neurons of each drinking group. Because I h makes up 20% of I tail under control conditions, we calculated that the mean contribution of I h to I tail was 67 pA after a 150-ms, −50-mV hyperpolarizing pulse. We calculated the change in the I h contribution to I tail from the measured percentage changes in I h during hyperpolarization in each group (0.9% and 39.8% reductions for CI and RSA groups, respectively) and subtracted that value from the measured I tail to deduce each neuron's peak I T . Deduced values of I T were 270 ± 24 pA for CON, 380 ± 52 pA for CI, and 216 ± 20 pA for RSA neurons (Fig. 5G) . Thus, chronic intoxication induced a robust increase in I T that recovered to the preethanol level with abstinence. Fig. 5G summarizes the adaptations for each monkey in a plot of I tail vs. I h . Acute washout of ethanol produced a pure rightward shift in CI monkeys, indicating a change in excitability specifically caused by a change in I T . Sustained abstinence after long-term intoxication produced a leftward and downward shift in RSA monkeys proportionate to a return of I T to the preethanol value and a compensatory decrease in I h .
Discussion
The main findings were that long-term ethanol intoxication specifically increased I T in primate IO neurons, whereas longterm intoxication followed by sustained abstinence restored I T to the preethanol value but reduced I h to below the preethanol state as an apparent compensation for the initial change in excitability. The increase in I T observed during acute ethanol washout produced a state of hyperexcitability in IO neurons that greatly enhanced their probability of rebound firing after hyperpolarization, a mechanism that could account for the tremor that we observed in monkeys in acute withdrawal. In contrast, sustained abstinence produced a significant reduction in I h that was evident 30 d after the monkey's last drink. Thus, sustained abstinence following long-term intoxication was associated with an enduring change in the excitability of IO neurons. Because the IO plays an important role in regulating cerebellar activity and has been implicated in movement control, learning, and cognition (8, 9) , a persistent change in IO function may contribute to long-term neurological impairments in alcoholics. Moreover, the IO is a site for integration of prelimbic and premotor cortical output (39, 40) , also indicating that IO dysfunction may underlie aspects of cognitive impairment in alcoholism.
Using IO neurons as a model system, the experiments demonstrated a form of bidirectional plasticity of the intrinsic membrane properties of primate neurons induced by ethanol. The plasticity operates on pacemaking currents involved in the rebound response to hyperpolarization and is in the direction of being homeostatic (41) but is not precisely so. This plasticity was illustrated in the coordinated responses of T-type and HCN channels to ethanol intoxication and abstinence. For T-type channels, the plasticity induced by ethanol was bidirectional. An up-regulation of I T during chronic intoxication compensated for ethanol's acute effect in suppressing I T , and the later down-regulation of I T during abstinence helped restore normal excitability. Although ethanol enhanced I h acutely, I h was not down-regulated by chronic intoxication. Nevertheless, I h was down-regulated during sustained abstinence, a homeostatic response to the overall hyperexcitability unmasked by removing ethanol. The combined down-regulations in I T and I h with sustained abstinence persistently depressed excitability.
The adaptation of Ca V 3.1 and HCN channels to ethanol is complex. During continuous intoxication, IO neurons adapted to ethanol by increasing the rate at which Ca V 3.1 channels were deinactivated and by increasing the magnitude of I T . Ca V 3.1 channels readapted to sustained abstinence by restoring their deinactivation kinetics and reducing the peak current. An interesting finding was the degree to which T-type channels' recovery from inactivation was modifiable by acute and chronic experience with ethanol. Phosphorylation regulates the deinactivation kinetics of Ca V 3.1 channels (42) and may contribute to those changes. The acute enhancement of I h by ethanol in the primate IO was consistent with observations in some rodent neurons (21, 43) . However, CI monkeys did not demonstrate a compensatory reduction in I h . Instead, I h was down-regulated only by abstinence from ethanol following severe intoxication. The trigger to down-regulate I h may be the hyperexcitability during withdrawal or may be coupled to a compensatory decrease in I T independent of the excitability change. The latter mechanism is suggested by a report demonstrating down-regulation of I h after Ca V 3.1 gene deletion (22) .
The experiments provide support for plasticity in I T associated with chronic ethanol intoxication in primates. Using monkeys treated like our CI group, a recent study (44) found plasticity in I T with chronic ethanol in the lateral geniculate nucleus (LGN). Although the direction of plasticity was opposite to our finding in the IO, low doses of ethanol augmented I T in LGN neurons (45) , and the monkeys in that study (44) consumed less ethanol per day than did our CI group. The different outcomes could be caused by different Ca V 3.1 splice variants (46) . The changes in excitability after sustained abstinence add to a number of alterations produced by chronic ethanol that persist after acute withdrawal, such as the up-regulation of NMDA receptor activity (47) and aberrant hypothalamo-pituitary-adrenal axis function (48) , or that reverse and overshoot the preethanol state, such as for cannabinoid synaptic transmission (49) . Key questions are whether the suppressed excitability requires repeated abstinences and can recover and whether the adaptation observed in CI neurons provides resistance to ethanol.
It has been proposed that oscillatory activity of the IO is a fundamental property of vertebrate motor systems to provide temporal and spatial precision to movement and learning (8, 9) . A contrasting hypothesis is that the primate IO is nonoscillatory (50) . The present experiments support the former hypothesis by providing direct evidence that primate IO neurons contain the same pacemaking currents as rodent IO neurons and that primate IO neurons can generate STOs in membrane potential. Primate STOs often were episodic, as measured in rodents in vivo (51, 52) , and their frequency (5.1 Hz) was within the frequency range seen in rodents and deduced on the basis of multielectrode recording in vivo during movement (53) . The conservation of those properties through phylogeny suggests a vital role for IO oscillation in sensory-motor integration.
With regard to alcoholism, our findings indicate that long-term intoxication and repeated withdrawals produce a persistent alteration of the intrinsic electrical excitability of IO neurons. Excessive bidirectional plasticity of Ca V 3.1 and HCN channels in the IO and elsewhere may contribute to the persistent neurological consequences of chronic alcoholism and relapse, and its mechanisms could be targets for therapy. schedule-induced polydipsia in a method previously described (5-7). Thereafter, monkeys were allowed free access to 4% ethanol and water for 22 h/d (11:00 AM to 9:00 AM). The quantity of self-administered ethanol was measured daily by mass displacement. After 1 y of chronic intoxication, CI monkeys were killed and necropsied. RSA monkeys initially self-administered 
